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M easur ement of Off-Body Velocity, Pressure, and Temperaturein an
Unseeded Supersonic Air Vortex by Stimulated Raman Scattering

G. C. Herring

NASA Langley Research Center
Hampton, VA 23681-2199

Abstract

A noninvasive optical method is used to make time-averaged (30 sec) off-body
measurements in a supersonic airflow. Seeding of tracer particlesis not required. One
spatial component of velocity, static pressure, and static temperature are measured with
stimulated Raman scattering. The three flow parameters are determined simultaneously
from a common sample volume (0.3 by 0.3 by 15 mm) using concurrent measurements of
the forward and backward scattered line shapes of a N, vibrational Raman transition. The
capability of thistechniqueisillustrated with laboratory and large-scale wind tunnel testing
that demonstrate 5-10% measurement uncertainties. Because the spatial resolution of the
present work was improved to 1.5 cm (compared to 20 cm in previous work), it was possible
to demonstrate a modest one-dimensional profiling of cross-flow velocity, pressure, and
trandational temperature through the low-density core of a stream-wise vortex (delta-wing
model at Mach 2.8 in NASA Langley’s Unitary Plan Wind Tunnel).



l. I ntroduction

Researchers have long realized that physical probes (e.g., Pitot probes and hot wires)
can perturb the flow they are attempting to measure. Additionally, many hostile gases
(flames, plasmas, and extreme hypersonic flow) are harmful to probes. Thus there has been
astrong effort [1] at developing noninvasive diagnostics for flow measurement. Some
methods seed small particlesinto the flow and determine velocity from the measured
Doppler shift of Mie-scattered light. But Mie scattering gives no pressure and temperature
information, and under some conditions [2, 3] the seed particles may not accurately follow
the flow. Therefore methods that use light scattered directly from the molecular constituents
of the flow are of interest. These molecular techniques do not require seeding of particles,
and some work well in air, eliminating the need for trace gas seeding.

Many different techniques are being developed to measure fluid flow velocity, under
the restriction of no seeding. Stimulated Rayleigh-Brillouin scattering [4], spontaneous
Rayleigh scattering [5], Raman excitation plus laser-induced fluorescence [6], several other
versions of laser-induced fluorescence [ 7-10], and laser-induced thermal acoustics[11] have
all been experimentally demonstrated as viable approaches to velocimetry. Stimulated
Raman methods (i.e., coherent) make up another category of optical diagnostics that can
also be used to directly probe the N, or O, constituents of air.

Coherent anti-Stokes Raman scattering (CARS) is one well-known stimulated
Raman technique, but it has historically measured only temperature. Velocity isan
important flow parameter that is not easily measured by the spectrally-broadband CARS
method, although one instance has been reported [12]. CARS is one of several related
stimulated Raman methods [13, 14] that have been applied to gas measurement. Stimulated
Raman gain spectroscopy (SRGS) is another and was chosen as the method for the present
study - because of its capability for measuring velocity as well as temperature and pressure,
and its ability to work at relatively low pressures, e.g., ~ 2 kPa (0.02 atm). In most
stimulated Raman methods (including SRGS), two laser beams (frequencies separated by a
molecular vibrational frequency) are crossed and overlapped in the flow. Moleculesin the
overlap region undergo Raman-based energy transitions and simultaneously emit four
different coherent signals (see section I1).

CARS s often used for temperature studies in harsh-environments, while SRGSis
mostly restricted to basic studies of molecular parametersin benign laboratory
environments. The CARS method uses rugged broadband lasers and provides a 10-nsec
measurement time. Both characteristics contribute to its widespread use. In contrast, the
time averaging necessary to obtain spectral line shapes and the delicate nature of the
narrow-band lasers used in SRGS are drawbacks for real-world facility instrumentation.
However, a significant advantage of SRGSis the inherent high-spectral resolution which
provides the capability to measure velocity. Although difficult and expensive to implement,
the SRGS approach for determining flow parameters has previously been demonstrated in
laboratory [14-16] and large-scale wind-tunnel [17] environments.



The present work is an extension of previous work [17], which demonstrated that a
SRGS apparatus could work in harsh wind-tunnel environments. The free-stream velocity
measurements of Ref. 17 used collinear laser beams that gave a spatial resolution of only =
20 cm. Here, new SRGSwork is described in the Unitary Plan Wind Tunnel (UPWT) at
NASA’s Langley Research Center (LaRC). By crossing the input laser beams, an improved
spatial resolution of 1.5 cm is achieved at the expense of reducing the signal by a factor of
10. Furthermore, additional signal is purposely sacrificed in order to partially simplify (as
discussed in section 11 A) the relatively complicated laser apparatus of Ref. 17.

In this report, off-body, noninvasive, unseeded, spatially resolved, and time-
averaged (30 sec), flow measurements in the vortex of a delta-wing model at Mach 2.8 are
demonstrated with the smplified SRGS instrument, with improved spatial resolution. One-
dimensional spatial profiles of cross-flow velocity, pressure, and translational temperature
through the center of the vortex core are described. In addition, new |aboratory work
(collisional and Stark broadening of the line shape) is discussed to further illustrate the
capability and limitations of SRGS as a flow diagnostic.

1. Quasi-cw Stimulated Raman Scattering

A. General Description

Spontaneous Raman scattering is summarized by a two-photon process in the energy
level diagram of Fig. 1a and the experimenta arrangement of Fig. 2. If asample volumeis
irradiated with light at frequency s, a spontaneous (i.e., incoherent) signal light at
frequency w, is scattered nonuniformly over 4r steradians. Simultaneous with the light
scattering, individual molecules are excited from the ground vibrational state, v = 0, to the
first excited vibrational state, v = 1. Typical detection schemes collect only a small portion
of thissignal, at 90 deg relative to the input beam direction. Instrument (e.g., a
spectrometer) and Doppler broadening of the line shape make velocity measurements from
frequency-resolved Doppler shifts difficult. The spontaneous approach can be modified by
adding a second laser beam to act as a seed signal at frequency o, that initiates the
generation of stimulated (i.e., coherent or laser-like) Raman signal beams. The spectrometer
isno longer necessary to isolate the signal light. The intensity of the stimulated Raman
signal is much larger than the spontaneous signal, and the reduced instrument and Doppler
broadening gives better frequency resolution for Doppl er-based vel ocity measurements.

In these stimulated Raman methods, a gas medium isirradiated by two laser beams
at frequencies w and ®,, where the subscripts “I” and “p” denote the pump and probe
beams, respectively, and o > wp. Two related and competing non-linear mechanisms occur
simultaneoudly if the two frequencies are separated by a photon energy that corresponds to
certain vibrational frequency differences A of the medium. One mechanism (Fig. 1b) isa
two-photon process that generates two optical signals. Stimulated Raman gain spectroscopy
(SRGS), isan optical gain signal induced on the w, laser beam and inverse Raman
spectroscopy (IRS) is an attenuation (or absorption) signal induced on the w, laser beam.
The second mechanism (Figs. 1c and 1d) is a four-photon process that generates two
additional laser-like signal beams, CARS and coherent Stokes Raman spectroscopy (CSRS),



where CSRS is pronounced as “scissors.” The CARS signal is generated at a frequency wa
= o + A, whilethe CSRS signal is generated at afrequency ws = wp - A. In essence, two
“input” laser beams enter the sample, and four laser beams emerge from the sample at four
distinct wavelengths (all separated by frequency interval A) and in four distinct directions.
The specific diagnostic that one utilizes depends on which signal laser beam one chooses to
monitor. These four stimulated Raman techniques are summarized in the schematic of Fig.
3 and have been previously [13, 14] described in more detail. Both SRGS and IRS are
sometimes [17] called Raman Doppler velocimetry (RDV), emphasizing the velocity
capability of these two versions.

In principle, as aresult of the quasi-cw stimulated Raman interaction with the gas,
the energy-level populations and trandlational velocity distributions of the molecules are
altered. In practice, the magnitude of the velocity change is small (~ 5 cm/sec worst case)
and is negligible for bulk flow velocity of > 5 m/sec. Also, the fraction of the molecules
suffering velocity and internal energy modificationsis small (few per cent or less) in the
small-gain approximation that is valid for the conditions of the present work. Thusthe
perturbations to the flow are redlistically negligible, and the techniques can essentially be
caled noninvasive.

The location of the measurement is defined by the overlap region at the crossing of
the two input laser beams at @y and , in Fig. 3. Because of phase-matching requirements,
the CARS and CSRS beams are emitted from the measurement volume at different
wavelengths and usually in different directions compared to the input beams. Thus these
two signals are easy to isolate from unwanted stray light from the two input beams. In
SRGS and IRS, the relatively small signals (gain and absorption) ride on top of the
imperfectly steady input beams (acting as noisy backgrounds to the signals) and the
temporal noise on the input beams strongly affects the signal-to-noise ratio (SNR). If
velocity datais desired, then the choice between SRGS and IRS is usually dictated by
whichever technique will give the best SNR. Typically, the absorption signal of IRSis
generated on an argon-ion laser beam and the SRGS gain signal is generated on atunable
dyelaser. IRSisusually superior, because the amplitude noise of the argon-ion laser isless
than that of the tunable-dye-laser. Any continuous-wave (cw) Nd:Y AG laser with low
amplitude noise is also suitable for usein IRS.

Much previous work [15-17] has used the IRS version for optimum SNR, but at the
expense of using a complicated five-laser instrument. In the work of thisreport, SNRis
sacrificed on purpose, and the SRGS method is selected to obtain arelatively less expensive
and less complex system — one which isrelatively more user friendly in alarge wind-tunnel
environment. The SRGS system used in the present work requires only three lasers and one
table full of optics - as opposed to the IRS system that requires five lasers and two tables full
of optics. Although the SRGS system is significantly simpler and less costly compared to
the IRS system, it remains relatively complicated and labor intensive relative to other
technigues such as laser-based flow visualization, tunable diode laser spectroscopy, and
traditional non-laser techniques (e.g., Schlieren).



Although the SRGS and IRS signal-beam powers are large compared to the CARS
and CSRS signal powers, the SRGS and IRS signal powers are still small compared to the
powers of the input beams (i.e., background) upon which they are superimposed. In SRGS,
to separate the small gain signal from the background-input beam, the higher-frequency
pump beam at o, ispulsed. The pulsed gain signal that isinduced on the lower-frequency
cw probe beam at , is separated from the input probe beam by monitoring the beam power
after it has emerged from the sample volume with an ac-coupled gated integrator. This
particular version of SRGS s called quasi-cw stimulated Raman spectroscopy. Inthis
approach, it isimportant that the temporal variations of the amplitude noise on the probe
beam power be as small as possible. Amplitude noise levels of some potential probe lasers
have been measured and compared [18].

B. Stimulated Raman Line Shape

The bulk flow and thermodynamic properties of the fluid are obtained from the line
shape of the N, Raman transition that is driven by interaction with the input laser light. For
Raman scattering near the forward direction of the pump beam, the net Doppler shift for the
two-photon Raman process is minimal. Thus Doppler broadening of the Raman spectral
lineisrelatively small and the forward Raman linewidth is determined mostly from pressure
broadening and contains the pressure information. For scattering near the backward
direction, net Doppler broadening is maximal and large compared to pressure broadening.
Thus the backward Raman linewidth contains the Doppl er-based tranglational temperature
information. In general these Raman line shapes are Voigt profiles and the pressure and
temperature information is determined from simultaneoudly fitting the forward and
backward datato Voigt functions. The relative shift between the line centers of the forward
and backward scattered light, governed by the Doppler shift of the bulk fluid movement,
gives the velocity component in the direction of the beams. In the setup used in thiswork,
both forward and backward Raman scattering from the same laser beams is observed
simultaneously to obtain all of the above information as sketched in Fig. 4. Alternatively,
the sequentially-obtained Doppler shiftsin line centers between unknown moving and
reference stationary gas samples also gives the same velocity information [15, 16].

In the approach outlined above, one varies the frequency difference between the two
input laser beams to make a time-averaged (30-60 sec) measurement of the line shapes.
Thisis accomplished by frequency tuning one of the input beams (e.g., cw probe at m, in
this work) and recording the gain induced on this beam as a function of frequency
difference. Under some flow conditions, the Raman transition widths (0.003 cm™) and line
shifts (0.001 cm™) can be spectrally small, thus high-resolution lasers with narrow
frequency bandwidths are necessary for thistechnique. It isrelatively difficult to keep these
narrow-band lasers properly operating, which leads to a significant level of effort for
successful measurements even in abenign laboratory, let alone a harsh wind tunnel setting.

The magnitude of the SRGS signal power (i.e., the optical gain), in terms of the laser
and gas parameters has been previously derived [13, 14]. Summarizing the results from
Ref. 14 (in Sl units), in the small-signal limit, the fractional change in total probe-laser beam
power AP, / P,, as afunction of probe-laser angular frequency wy, is given by



AP, Py =12 Go(wp) , (1)
where 1z and Gy(w,) are given by
N2 =[2/w] arctan [{f / r} tan 6] 2
and
Go(p) = [4 7"/ €0 C A Ag] X (c0p) P, (3)

where P is the incident pump-laser power and y” is the imaginary part of the third-order
non-linear susceptibility which isafunction of w,. Additionally %, and A, are the pump and
probe laser wavelengths, c isthe speed of light, €, isthe free-space permittivity, f isthe
focal length of the lens that both focuses and crosses the pump and probe beams, 6 is the full
crossing angle, and r is the beam radius of the collimated beams on the focusing lens. If the
frequency-dependent non-linear susceptibility iswritten in terms of the spontaneous
differential Raman cross section, then Gy(w,) iswritten as

Ga(op) = [87* N cay wp P/ {h[m —A]"}] g(eyp) [do/dQ] , (4)

where h is Planck’s constant, N is the number density of molecules, A isthe energy spacing
between the upper and lower energy levels (2330 cm™ for the case of the 0-1 vibrational
transition in Ny), do/dQ isthe differential Raman cross section, and g(wy) isthe area-
normalized line shape function. In the special case where collisional broadening dominates
the Raman line shape (e.g., pressure broadening dominates over Doppler broadening), g(wy)
has a Lorentzian profile and is given by

g(wp) = [y/ [2]] / [[A-0+y/ [2 717, ()

where vy is the full-width-half-maximum (FWHM) of the pressure-broadened line shape and
o is the absolute value of the difference | wi-oyp | between the pump and probe frequencies.
In the special case where Doppler broadening dominates the Raman line shape, Eq. 5 takes
the form of a Gaussian curve, g(mp) o< exp[- k (A-w)?], where k isaconstant. In the general
case where pressure and Doppler broadening contribute about equally to the line shape, Eq.
5 takesthe form of aVoigt profile. Thefluid flow parameters of velocity, pressure, and
temperature are determined from fitting the Voigt version of Eq. 5 to the experimental
Raman line shapes. The Gaussian and Lorentzian components provide the temperature and
pressure respectively, while the line centers provide the Doppler shifts, which in turn
provide bulk velocity.

Egs. 4 and 5 show that the strength of the Raman signal is maximized when w is zero
(i.e., the pump and probe lasers are wavelength tuned such that | o - Wp | = A) and that the
maximum strength is proportional to the pump-laser power. In the quasi-cw experimental
arrangement (i.e., the probe is cw and the pump is pulsed) of this work, the peak Raman
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signal, generated during the pump-pulse duration, is greatly increased relative to that of an
equivalent pure-cw (i.e., both pump and probe laser are cw) arrangement. This increase of
signal in aquasi-cw approach istypically obtained with a degradation of frequency (or
velocity) resolution, since pulsed lasers generally have larger bandwidths than cw lasers.

The A in Eg. 5 isthe Raman resonance frequency for still air. Thus Eq. 5 illustrates
how the velocity of moving air can be measured. If theair is moving at velocity V, with
respect to the lasers, then the resonance frequency A is Doppler shifted to anew value A" by

N=A+VedK, (53)

where V o dK isthe vector dot product of the flow velocity V and the wave vector
difference dK between the pump and the probe laser beam wave vectors. Then resonance
will not be observed at w = A, but at ® =A +V e dK. Thus bulk flow velocity is measured
by observing the change in frequency of the Raman resonance without the need of an
independent calibration. The velocity component measured is that along the vector dK,
which is= aong the beam paths if the beams are crossed at a small angle ~ 1 deg or less.

1. Experimental Arrangement

A. Wind Tunnel Setup

The current work is oriented for applicationsin UPWT, a closed-circuit, supersonic
air facility with a1.2 by 1.2-meter test section. A top-view schematic of Fig.5a shows the
final UPWT setup, where al depicted optical components are located outside of the test
section. The deltawing, at 12 deg angle of attack (AOA) in aMach 2.8 free-stream flow,
generates two counter-rotating vortices in the flow field just above it. The crossing of three
laser beams defines the sample volume, which islocated in the right-hand vortex. Two laser
beams, a cw 607-nm probe and a pulsed 532-nm pump, are incident transverse to the free-
stream flow direction and cross at asmall angle (6 = 0.5deg in Fig. 5) inthegas. A beam
block stops the 532-nm beam, while the 607-nm beam is retro-reflected to cross the sample
volume for a second time (6 = 0.5 deg again) and monitored by a 0.5-ns risetime photodiode
and gated integrators. This geometrical arrangement allows the simultaneous measurement
of the forward and backward Raman line shapes.

The sample volume is defined by the mutual overlap of the three input-laser beams
(pump, forward probe and backward probe) and is shaped like an elongated ellipsoid for a
small crossing angle. Figs. 5¢ and 5d schematically show the size, shape and locations of
typical measurement stations in relation to the deltawing for measurements on the right-side
vortex. Thefocal length of thelensesin Fig. 5is120 cm. A collimated 1-cm diameter
pump beam (532 nm) incident on the lens gives a beam diameter, at the focal point, of 150
um. Allowing for beam crossing, the sample volume is about 1.5 cm (along the beam
direction) by 300 um (transverse to the beam axis). The value of 1.5 cm is estimated from
the length of overlap region needed to generate 90% of the full signal. In this geometry, the
spanwise velocity component of the vortex flow is measured, as described by Eqg. 5a.
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Two or three trandation stages (with at least one located on each side of the test
section) are used to trandate the sample volume [19], while keeping the three input laser
beams overlapped for near optimum Raman signal. In the schematic of Fig. 5b, athree-
trandation-stage version (three shaded elements) is shown with lenses L1, L2 and the
retrometer mounted on three separate tranglators. This particular setup is used to trandate
the sample volume above the deltawing, over aline in the vertical direction with respect to
the model. Fig. 5bisan upstream view with the free-stream flow directed out of the plane
of the figure, towards the reader.

Asthe 607-nm laser is tuned over ~ 0.1 cm'*, stimulated Raman scattering from a
single rotational line of the N, vibrational Q-branch Raman transition is produced in both
the forward and backward directions when the frequency difference w of the two lasers
matches the molecular resonance A. The forward signal propagates collinearly along the
first 607-nm probe towards the retro-reflector, while the backward signal propagates
collinearly along the second 607-nm probe towards the detector. Since the Q-switched 532-
nm laser pulse (10-Hz repetition rate) limits the Raman interaction to 10-ns duration per
pulse, the backward and forward Raman signals appear at the detector separated by a delay
time (25 ns) defined by the separation between the sample volume and the retro-reflector.

Fig. 6 shows an example of the temporal profile obtained with the SRGS setup of
Fig. 5 for the forward and backward Raman signals. The early small pulseis the backward
signal, which isfollowed 25 nsec later by the later larger pulse, the forward scatter signal.
The temporal location of four 10-nsec integrator gates are labeled. The earliest (1) and
latest (4) occurring gates are used to record and subtract (post processing) the low-frequency
fluctuation of the background level from the two Raman signals [gates (2) and (3)]. This
broadband, low-frequency amplitude noise (~ 1 MHZz) of the probe laser is not evident in the
200-nsec snapshot of Fig. 6, but would be obvious on longer time scales, and hinders the
SNR. The background voltage from the first gate is subtracted from the backward signal
voltage of gate 2 and the background from the last gate is subtracted from the forward signal
of gate 3, for every laser shot. Alternatively, the forward signal could be subtracted form
the backward signal, and then fit to amodel of the difference of the forward and backward
line shapes. This subtraction significantly improves the SNR for both the forward and
backward signals by reducing the amplitude noise. Subtraction is necessary for reasonable
SNRinlow air densities, e.g. ~ 0.05 atm in the UPWT. Also shownin Fig. 6 isahigh-
frequency ~ 150-MHz noise that is RF radiation from the Y AG laser Q-switch circuit.

Tuning over the Raman line shape requires 30-60 sec and allows the measurement of
the absolute Raman linewidths and the line shift of the backward line relative to the forward
line. The measured forward and backward Raman line shapes are fit[20] to amodel of a
Voigt[21] profile. The line shape model contains eight fitting parameters (the Lorentzian
[pressure] and Gaussian [Doppler] components of the Raman transition and the background
offset, peak height, and line center position for the both the forward and backward peaks).
Both line shapes are fit simultaneously. The width of the forward line (~ 0.01 cm™) is
dominated by pressure broadening and primarily determines static pressure, while the width
of the backward line (~ 0.1 cm™) is dominated by Doppler broadening and primarily
determines static translational temperature. The relative Doppler shift (~ 0.02 cm™)
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between the forward and backward lines determines the magnitude and direction of the bulk
flow velocity parallel to the laser beams (i.e. the long dimension of the sample volume,
which is transverse to the free-stream flow in the geometry of Fig. 5. Fig. 4 shows
schematically how the various Raman line shape features relate to the flow sample
parameters. If velocity is zero, both the backward and forward lines are centered on the
unshifted location with different widths and peak heights.

B. Lasers

The setup described above uses two narrow-band, single longitudinal mode lasers.
Thefirst, the probe laser at A, = 607 nm, is a standing-wave cw dye laser that is pumped by
an argon-ion laser. Thisdye laser produces about 150 mW of power with atime-averaged
linewidth of 0.5 MHz. A small fraction of the dye laser output is diverted into a pair of
temperature-stabilized etalons. The throughput of these two etalonsis used to define the
frequency axis each time that the dye laser is scanned over a Raman transition. Thefirst
etalon has a 150 MHz-free spectral range (FSR), and the second etalon has a 3-GHz FSR.
Both etalons have afinesse of > 100. Typical etalon data, after normalizing to the power
fluctuations of the laser, for a 6-GHz dye-laser scan isshown in Fig. 7. Typically the scan
widths, determined separately from each etalon trace, agree to within 1 %. The errorsin the
measured vel ocities from scan-width uncertainties (and scan non-linearity) are negligible
compared to the uncertainty resulting from low SNR of the measured Raman line shapes.

The second laser, the pump at A; = 532 nm, is a flashlamp-pumped, Q-switched,
frequency doubled Nd:Y AG laser that is seeded with a single-mode cw Nd:YAG laser,
which is pumped with a diode laser in the near infrared. This laser produces about 150
mJ/pulse (10-nsec FWHM) at 10 Hz. The time-averaged linewidth (over one 30-sec dye-
laser scan) istypically 70-100 MHz at 532 nm. This laser is monitored with athird
temperature-stabilized etalon (FSR of 750 MHz and finesse of > 100) that is simultaneously
scanned over the YAG laser spectral profile at the same time as the dye laser is scanned over
the Raman signal. Thusthe averaged Y AG laser linewidth is recorded for each 30-sec dye-
laser scan over the Raman transition. One example (FWHM = 90 MHz) of the Nd:YAG
linewidth measured in the UPWT high-vibration environment is shown in Fig. 8.

For reference, the Fourier limit of the 10-nsec pulseis45 MHz. Whenthe YAG
laser was new, alinewidth of 50-60 MHz could be routinely achieved in atypical laboratory
environment. The extra linewidth of 70-100 MHz observed in the UPWT measurementsis
probably partly due to the advanced age of the laser during the tunnel testing and partly due
to the vibrations in the UPWT test cell.

C. Laboratory Setup

Before the present work was initiated, the pressure broadening of the N, Raman
transitions was well known at room temperature and above, but had not been measured
below room temperature (100 K < T < 300 K), which was the expected temperature range of
the supersonic gasin UPWT. Thus pressure broadening of the Raman line shape at
temperatures below room temperature had to be quantified before the pressure could be
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determined from measured Raman line shapes of air in unknown wind tunnel conditions.
Secondly, it was planned to use large laser powers to maximize the SRGS signals. Thus
Stark broadening of the Raman line shape was measured to determine what laser power
would be too large and corrupt the line-shape data through Stark broadening.

Only the forward Raman signal is necessary for both of these preliminary
measurements for two reasons. First, pressure broadening is negligible in the Doppler-
dominated backward scattering. Second, the forward linewidth is relatively small and
shows Stark broadening before the broader backward linewidth. Both of these preliminary
measurements were made in a preliminary SRGS laboratory setup, simpler than but
somewhat similar to that of Fig. 5. There were three main differences between the final
wind-tunnel setup of Fig. 5 and the preliminary laboratory setup. First, the retrometer of
Fig. 5 was removed and only the forward-scattered SRGS signal was generated and
detected. The detection scheme, including background subtraction, was the similar to that in
Fig. 6. Another difference was that the tranglation stages were not used in this preliminary
study, since no movement of the sample volume was necessary. Third, in place of the test
section of the wind tunnel, a quartz gas cell (placed inside of an insulated refrigerator) was
used so that the laser intensity, the N, gas temperature, and pressure could be controlled.

Before taking the instrument to the wind tunnel, the final SRGS setup of Fig. 5was
tested in the laboratory, including the addition of the retrometer, backward signal detection,
and the trandlation apparatus to vertically move the sample volume. The quartz sample cell
located at the beam-crossing region was retained to make Raman line shape measurements
and to test the robustness of the optical alignment after vertical trandation of the sample
volume. Both the preliminary and the final setups used similar crossing angles and
detection electronics as those used in the wind tunnel setup. One notable difference is that
the preliminary forward-scatter-only Stark-broadening setup used shorter focal length lenses
(to generate larger electric fields for the Stark-broadening characterization) than the 120-cm
focal-length lenses that were used in the final UPWT setup of Fig. 5.

V. Results and Discussion

A. Laboratory Results

In section A, five laboratory studies are described that were performed in support of
the wind tunnel tests. A preliminary forward-scatter-only laboratory setup was used to
study four issues, including the SRGS signal lossin the (A1) low-pressure limit. High-
pump-laser-power limits, defined by (A2) gain narrowing or (A3) Stark broadening of the
line shape, were also studied. Also, (A4) low-temperature pressure broadening coefficients
were measured for use in analyzing unknown gas conditions at the cold temperatures
expected in supersonic wind tunnels. In the fifth study, the final forward-backward UPWT
apparatus was assembled to test (A5) the remote trandation capability.

Al. Potential for Hypersonic Flow M easurement

Previous SRGS and IRS demonstrations have been with sonic or mild supersonic
conditions and pressures of 1-100 kPa (0.01-1.0 atm or 7.6-760 Torr), where gas pressure
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primarily determines the forward Raman linewidth. At lower densities, the line shapeis no
longer dominated by pressure broadening and becomes constant for constant temperature.
Then the strength of the forward Raman signal decreases with decreasing gas density. If the
Raman linewidth v is constant, Eq. 4 shows how the coherent Raman signal islinearly
proportional to two factors: the gas density N and the pump laser power P,.

This section presents a glimpse of the quality of forward-scatter datain the low
pressure limit to indicate how SRGS would alternatively measure pressure (or density) —i.e.
determination of signal strength at the low-pressures (0.1-1 kPa) typical of hypersonic flow.
To be clear, this aternative method is different than the primary method for pressure
measurement that is discussed in all other sections of thisreport. The gasis pure Ny, the
temperature is 295 K, and only the forward Raman signal isused. The pump laser beam
energy isincreased to 145 mJ/pulse (14 MW peak power and peak intensity of ~ 100
GW/cm? for the pulsed 10-ns FWHM, 532-nm, ~ 150-um-diameter focussed beams), and
the crossing angle between the pump and the probe beamsis 0.5 deg.

Fig. 9a shows two frequency scans over the J= 12 rotational transition (Q-branch)
for different pressures. Peak signal strengths for these and other scans are plotted versus
pressure in Fig 9b. The scans at 1 and 0.25 kPa are made with 330 laser pulses (33-sec
average), but the scans near 0.1 kPa used 3300 pulses (5.5-min average). The good linearity
of the signal with pressure (or density since temperature is constant) suggests that forward
scatter SRGS could be used for averaged density measurements of air (or Ny) in the 10™-
10" molecules/cm® regime. Potential hypersonic flow density measurements by this
aternative method would be deduced from the peak signal strength and would require a
calibration. This alternative method is different from the primary pressure measurement
method described in later sections of this report. The results of Fig. 9b suggest the
possibility of hypersonic applications at low pressures using SRGS with this aternative
pressure (or density) measurement.

Henceforth, the alternative method of the above paragraph isignored, and the
remainder of thisreport includes only the primary pressure measurement method of pressure
measurement by line shape analysis, as discussed in section Il. This primary line-shape
method does not require calibration. Since the Raman signal depends linearly on the pump
laser pulse energy, one can increase the signal by increasing the laser pulse energy (i.e.,
peak power) as was done for the data of Fig. 9. However, two factors independently
conspire to limit the amount of pump laser power that can be used without perturbing the
measurements: gain narrowing and Stark broadening of the Raman line shape. Both of
these perturbations will influence the linewidth and lead to poor-quality measurements. The
next two sections address these issues.

A2.  Gain Narrowing of the Stimulated Raman L ine Shape
Gain narrowing is anon-linear process that occurs in coherent optical methods, but
not in incoherent method like the spontaneous Raman process of Figs. laand 2. Gain

narrowing [22] of the coherent Raman line shape occurs when the peak gain that isinduced
on the dc probe beam exceeds afew per cent of the dc probe power. This occurs when the
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pump beam intensity is significantly increased. The reason that the coherent Raman line
shapeis narrowed for large laser intensitiesis as follows. Eg. 1 gives the coherent Raman
signal only in the small-signal limit approximation. A more general expression [13, 14, 23]
for the signal (i.e., amplification of the Stokes power P,™") is

F)pc‘Utpl'lt / F)pinput oc EXP [l ine Shape] ! (6)

where [line shape] is given by an expression identical to or similar to Eq. 5. AsRefs. 13,
14, and 23 discuss, in the small-signal limit (€ = 1 + x, if x << 1), Eq. 6 reduces to the
approximation of Eq. 1, which can be alternatively written as

Ppoutput _ PpinPUt - APp/ Pp oc [Iine Shape] . (7)

For common line shapes (e.g., Lorentzian, Gaussian, or Voigt), the non-linear function of
Eq. 6 is narrower, in frequency domain, than the linear function of Eq. 7 (or Eq. 1) for a
given temperature and pressure.

Thus large pump laser powers generate large Raman signals (AP, / P, ~ 1 and Eq. 6
must be used) with narrower line profiles. In contrast, small pump powers generate small
signals (P, / P,™" << 1 and the approximation of Eq. 7 isvalid) with broader line
profiles. Thisrelatively narrow line shape of Eq. 6 is called “gain narrowing,” since this
line profileis narrower than that expected from the linear situation of Eq. 7. Since large
laser powers also generate artificial Stark broadening, signals acquired with large pump
powers can exhibit line shapes with a complicated mixture of stark broadening and gain
narrowing. Ideally, both of these perturbations to the Raman line shape should be avoided
to maximize the accuracy with which pressure and temperature can be deduced.

In the ~ 0.1-kPa data of Fig. 9, gain narrowing is not a problem, since the density is
so low that the peak signal level is, a maximum, only afew per cent of the dc probe laser
value. However, at higher pressures (> 10 kPa), with more Raman signal, gain narrowing
could potentially corrupt the Raman line shape and spoil the pressure measurement by
artificially narrowing the observed linewidth. At gas pressures of > 100 kPa (e.g., used in
Raman shifting of laser beams) gain narrowing and collisional narrowing are more likely to
occur. For al measurements presented in this report, gain narrowing has been mitigated by
keeping the magnitude of the detected SRGS optical signals to about afew per cent of the
dc probe laser level or less. Thiswas confirmed with a series of |aboratory measurements
that will not be further described here.

A3.  Stark Broadening of the Raman Line Shape

Generdly, it is Stark broadening that determines the practical limit of useful laser
power for the gas pressures common throughout thiswork. Stark broadening with electric
fields that are uniform [24], that are defined by overlapped collinear Gaussian beams [25],
and that are defined with crossed Gaussian beams [26] have been previously studied. In all
three of these previous studies, it was shown that the Stark-broadened line shapes could be
reasonably approximated with numerical ssmulations. In this section, the previous low-
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pressure work of Ref. 26, for crossed beam geometries, is complemented with additional
results at higher-pressure. Successful simulations over an increased pressure range (the line
shape changes significantly with pressure) provide additional confidence in the predictive
ability of the numerical Stark-broadening model used here, or for future planning.

With zero applied electric field, the J" rotational component of the Q-branch
vibrational Raman transition consists of J+ 1 orientational sub-components. TheseJ+ 1
transitions are degenerate: they overlap with each other in frequency domain and are
indistinguishable. If an external electric field (e. g., alaser beam) is applied to aN
molecule, the J" rotational component is broken up into J+ 1 Stark sub-components. Each
Stark sub-component has a line center slightly shifted from the unperturbed line center, and
the magnitude of the shift depends on the strength of the electric field. In a non-uniform
electric field (e.g., the focal region of afocussed laser beam), the varying electric field must
be taken into account to accurately predict the Stark-perturbed line shape. In the quasi-cw
SRGS approach taken here, the high-intensity pump laser generates the Stark broadening,
while the low-intensity probeis negligible - it does not contribute to the Stark effect.

The model, used here, to predict Stark line shapesis the same as that of Refs. 25-27.
The macroscopic sample volume (i.e. the crossing region of the two laser beams) is divided
into alarge number of microscopic volume elements (Vmicro << Vsample) Where the pump-
laser intensity can be approximated as constant over a single microscopic element [27]. In
addition, the 10-nsec Gaussian temporal profile is divided into many small time periods
(tsmail << 10 nsec) where the pump laser intensity can be approximated as constant over the
time period tsmai. The product of the pump and probe laser intensities determine how much
Raman signal is generated from each microscopic 4-dimensional spatial-temporal element in
the measurement process. Next the degree of Stark shift for each microscopic spatial-
temporal volume element is calculated using the instantaneous pump-laser intensity (that
produces the Stark broadening) and the Stark-shift coefficients [25] for each of the J+ 1
orientational spectral components of the Stark-split Q-branch transition. The Raman line
shape for each microscopic spatial-temporal element is generated by linearly summing all of
the line shapes for each of the J+ 1 components using known shift and weighting
coefficients[25]. Thefinal Raman line shape for the entire macroscopic sample volumeis
generated by linearly summing these line shapes over all the microscopic volume and
temporal elements. Inthisfina 4-dimensional summation, the product of pump and probe
laser intensities (i.e., proportional to the Raman signal generated in each microscopic
spatial-temporal volume element) is used as an additional weighting coefficient.

The numerical procedure used to generate the Stark-broadened line-shape R(w) for a
single rotational component J of the Q-branch vibrational Raman transition is constructed
from a series of five nested summations over X, y, z, t, and M;,

J1

Roy=2 2 2 X2 2 W; W V(o mt+An), (8)
X y z t M;=0
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where x, y, z, are three Cartesian spatial coordinates with the z-axis collinear with the
pump-beam axis, t istime, and M; is the orientational quantum number associated with each
of the J+ 1 Stark sub-components. Thus R(w) isasummation of many Voigt functions

V (o, oo+ Am) with center frequencies w, shifted by frequency shift Aw. The Aw are

Ao =W3(J, M) I(X,Y,z1t), 9

where the known Stark shifts per unit intensity Ws(J, M;) for each orientational sub-
component have been previously tabulated in Ref. 25, and

I(X, Y, 2, 1) = |, exp[- t®/ t,7] exp[-2{x*+Y?} 1 {Zprop}] / [Zp Ae\] (10)

is the approximately-constant laser intensity that induces the Stark shift in any one
microscopic 4-dimensional volume element. The quantity Z, =1 + {21 zopz} , Ipisthe peak
laser intensity (J/sec m?) at the center of the focussed pump laser spot, and t, is the laser
temporal pulse width. The full width at half maximum of the Voigt line shape is Awy, while
Zop and 1o, are respectively the Rayleigh length and the spot size (/e radius for electric field)
for the pump laser beam.

The W, are weighting factors that give the relative strength of the individual
orientational sub-components and are tabulated in Ref. 25. The W, are also weighting
factors that give the relative amount of Raman signal generated in each particular

microscopic volume element and depend on the strength of the electric field. Hence they
are also functions of x, y, z, and t, and are given by

W, = AX Ay Az exp[- t*/t,7] exp[-2{x* +y*} / {rop’ Zp}] X
exp[-2{xs> + Y&} 1 {ros’ Z$1 1 [Zp Zs Awv] , (12)
where Zs = 1 + {2/ zos}, Tos iS the spot size of the Stokes probe beam and z,s isthe
Rayleigh length for the Stokes beam. The volume of the individual microscopic elementsis
given by Ax Ay Az. Finaly, the Stokes-beam coordinates Xs, Ys, and zs are related to the
pump-beam coordinates x, y, and z by
Xs=XC0SO—zsno,
Ys =Y, and (12)
Zs=2CosO+xsno.
Eq. 12 isthe standard coordinate transformation for a simple rotation through angle 6 in the
x-z plane. The zs axisisthen collinear with the Stokes-probe-beam axis, where the z and zs

axes cross at angle 6.

This procedure previously showed good qualitative agreement with experiment [26]
for low pressures (10 kPa). Furthermore, with collinear or crossed Gaussian beams and a
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seeded single longitudinal mode Nd:Y AG laser, it was found that using one-half of the
measured laser intensity gave good predictions for the low-pressure Stark-broadened Raman
line shapes. In this section we show that this model (including the empirical factor of 0.5)
also gives good agreement with experiment for higher-pressure conditions of 100 kPa.

Fig. 10a shows data and 10b shows the model for 100 kPa(i.e., 1 atm) of pure N, (J
= 10) for two conditions: no-Stark broadening (peak intensity of 17 GW/cm?) and Stark
broadening with crossed (0.5 deg full angle) pump and probe beams. The Stark-broadened-
case uses a measured peak pump-laser intensity of 700 GW/cm?. Gain narrowing is avoided
by keeping signal power small compared to the dc probe-laser power. The laboratory
experimental setup described above was further modified to obtain the Stark-broadened
(with collinear beams) and the no-Stark profiles simultaneously, as described in Ref. 26.
Because of the low SNR and the small shifts of one line shape relative to the others, the
measured collinear Stark case (i.e., Stark broadening with collinear pump and probe beams)
isomitted to avoid cluttering the figure. The measured collinear Stark shift was observed to
be about one half of the crossed case, and its location occurs right between the no-Stark case
and the crossed-Stark case, i.e., the two line shapes of Fig. 10. To best fit the match
between the simulation and the data, the peak laser intensity of the pump laser in the
simulation of Fig. 10b was adjusted to 350 GW/cm? in the simulation (i.e., one-half of the
700 GW/cm? measurement).

This adjustment (smaller by afactor of two) of the laser intensity of the simulation at
100k Paisthe same as was required to find a good agreement between the model and the
simulation for the low-pressure (10 kPa) work of Ref. 26. This consistent difference of a
factor of two between the simulation and the data for both low and high pressure conditions
shows that the laser beam parameters are constant and reproducible over long periods of
time and for many alignments (since the disagreement is likely dependent on laser beam
parameters, alignment, and their measurement). The disagreement of afactor of two in laser
intensity is actually not bad, considering the uncertainties associated with measuring the
laser intensity of ~ 10° GW/cm? in afocussed beam and the imperfections in the Gaussian
beams for both the spatial and temporal profiles. Thus the discrepancy (afactor of two) is
considered as agreement, and the consistency of the factor of two (for different pressures,
beam geometry’s, and individual alignments) demonstrates the ability to reproduce the
Stark-related experimental conditions.

This agreement to within afactor of two, between the simulated and the measured
line shapes, at both small [26] and large (Fig. 10 of thiswork) pressures, provides
confidence that Stark broadening can be reliably predicted over awide range of gas
pressures, including the range expected in the UPWT. Based on the work of this section and
Ref. 26, a pump-laser pulse energy of 40 mJ¥/pulse (peak intensity of 20 GW/cm?) was
selected as a compromise to simultaneously maximize the SRGS signal and minimize Stark
broadening. During the UPWT testing, a pump energy of 80 mJ/pulse was briefly tried (asa
test) and no extra linewidth was observed. Thus Stark related errors are expected to be
small (compared to other errors), since all of the UPWT results reported here are with the
40mJ/pulse.
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A4. Measurement of Pressure Broadening Below 300 K

Pressure broadening of the Q-branch (0-1) vibrationa transition in N2 has been
widely studied (see citation list in Refs. 28 and 29) because of the importance of combustion
temperature measurements by the CARS technique. However nearly al studies were
limited to the temperature regime above 300 K because combustion temperatures are > 300
K. Since temperatures of 100—-300 K were expected in the non-reacting supersonic airflow
of the present work, pressure broadening in this lower-temperature regime had to be
independently measured before unknown data from wind tunnels could be analyzed. A low-
temperature pressure broadening study was completed [28] before performing the UPWT
measurements, and provided pressure broadening results down to about 100 K.

In the present study, an empirical equation was created (based on data of Ref. 28) to
predict the pressure broadening coefficient (PBC) over the temperature regime 100-300 K,
for several rotational components of the Raman Q-branch transitions. This equation is used
in the non-linear fitting routine that determines pressure from the line shapesand is

PBC = PBC, [298/ T]*, (13)

where the PBC, are the room temperature pressure broadening coefficientsand T isthe
temperature in Kelvin. Room temperature values PBC, can be found in Ref. 29. Inthe
current work, the exponent A is given by

A=04+0.38{64/[64+(J—-8)%+2(-9)]}, (14)

where J = therotational quantum number of the Q-branch rotational component. Fig. 11
shows a comparison of Eg. 13 and the measurements of Ref. 28 and 29. Egs. 13 and 14 are
empirical approximations and slightly disagree (see Fig. 11) with the measurements of Ref.
28. But because of the low SNR of the wind tunnel data to be presented in section IV B2,
the uncertaintiesin the SRGS pressure measurements will be dominated by the low SNR of
the line shape and not by the approximate nature of Egs. 13 and 14.

Eq. 14 was generated to obtain aformulato work for low-J transitions, modest SNR,
and temperatures < 300 K. For future SRGS data with extremely good SNR, the exact
measured values of the coefficients from Ref. 28 should be used. For temperatures well
above 300 K, the models given in the high-temperature studies in the citation list of Ref. 28
should be used. Egs. 13 and 14 should be used only for moderate SNR or worse, for
temperatures T = 100-300 K, and for transitions J = 0-20.

In section 1V B1, free-stream results from the UPWT will be presented. These
include gas pressure measurements (at low temperatures) made using SRGS and the
pressure broadening coefficients of Ref. 28. In that section the reader will see that the
SRGS pressure measurements are in good agreement with the pressure and temperature
expected in the test section (determined by standard wind tunnel instrumentation).
However, thereis an aternative viewpoint with which to interpret the pressure data of
section IV B1. If one considers the supersonic flow as a gas sample with known pressure
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and temperature, then the data acquired in the wind tunnel represents an independent study
of the low-temperature pressure broadening of N, Raman transitionsin air. Thisisa
reasonabl e viewpoint since the UPWT is along-used, well-characterized supersonic tunnel
[30]. The SRGS pressure data that are presented in section IV B1 can be re-analyzed by not
letting temperature vary and fixing the temperature to the known free-stream value. Then
one isindependently verifying the low-temperature pressure broadening measurements of
Ref. 28 when fitting the wind tunnel data to determine gas pressure.

The re-analyzed results of some randomly-selected wind tunnel runs of section IV
Bl areshowninFig. 12 for J= 6. Different temperatures are obtained during different
Mach number runs. The good agreement of the pressure determined from the SRGS data
line-shape fits at UPWT (with fixed temperatures and pressure broadening coefficients from
Ref. 28) and the known tunnel pressure (from traditional probes) constitutes an independent
experimental confirmation of the low-temperature pressure broadening measurements of
Ref. 28. Thusthe data, above 2 kPa, of Fig. 12 are in quantitative agreement with the
results of Ref. 28, to within the combined uncertainties of the two SRGS studies, and
confirms the earlier work. The uncertainties of the expected UPWT values are negligible
compared to the SRGS uncertainties. The three lowest data points, around 1-1.5 kPa are
expected to show worse agreement because the fitted Raman linewidths are approaching the
instrument resolution (indicated by the vertical arrow labeled “equivalent laser linewidth™)
and the SRGS uncertainties of these three points are increasing as pressure decreases.

Although Ref. 28 reports pressure broadening by pure N, and the results of Fig. 12
are for broadening by air, the difference isminimal. The magnitude of the foreign-gas
broadening of O, is close to the self broadening of N,. Thus the difference between air and
pure N, broadening is ~ 1%, less than the combined uncertainty of the two studies.

A5. Laboratory Demonstration of SRGS I nstrument

Before the SRGS instrument was used at UPWT, the full forward-backward setup
(asshown in Fig. 5) was set up in alaboratory and tested on gas samples with known
conditions. These laboratory measurements are not a calibration of the SRGS instrument
(which does not require a calibration as discussed in section |1 B), but simply verify correct
operation of theinstrument. Pure Ny, in acell, laboratory room air, and air in the partially
evacuated test section at UPWT were used as stationary gas samples. The full 8-parameter
fitting routine, as described in section [11 A, was used to determine air speed, pressure, and
trandational temperature. Fig. 13 shows an example of a single 30-sec measurement of the
Raman forward and backward line shapes for room air (295 K and 100 kPa). The slight
disagreement between the data (jagged curves) and the fits (smooth curves) on the right side
is because the line-shape model ssimply sums-over-the Js. For the example of J=6 in Fig.
13, the nearest neighbors (J=4, 5, 7, and 8) are added to J = 6 to get the line-shape wings of
J=6 correct at the relatively high pressure of 100 kPa (1 atm). However, it iswell known
[29] that one must use a nonlinear collisiona-narrowing model to get the best agreement
with overlapping rotational lines. A computationally more expensive collisional-narrowing
line shape model would better account for a reduction in pressure broadening due to closely
spaced (and overlapping) lines. However, all of the measurements made in the low-pressure
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conditions of UPWT are free from this small error, because the nearest J neighbors do not
overlap at low (< 10 kPa) pressures. Thus the simple sum-over-the-J model used hereis
more than adequate for the present UPWT work.

Fig. 14 shows the simultaneously measured velocity, pressure, and temperature on a
static gas, for a series of single 30-sec measurements, in the laboratory cell (left side) and at
UPWT (right side) with no flow in the test section. The SRGS-determined pressures are
compared to Baratrons for the laboratory data and the standard UPWT instrumentation for
the no-flow UPWT data. The solid diagonal line in the pressure plot represents perfect
agreement between SRGS and the known conditions. SRGS temperatures are compared to
thermocouples (TC) for room temperature, and velocities are compared to zero for the
stationary gas. After calibration by standard procedures, the laboratory TC was further
checked with liquid-N and H,O-ice baths, and the laboratory Baratron was checked with an
independent pressure meter. The differences in the two methods are dominated by the
errors in the SRGS method, not by the Baratron or TC measurements.

The only point that is averaged over more than one 30-sec scan is the single pressure
point with an error bar, which shows the average of the eight UPWT points (all at the same
pressure) and the 68% confidence level (standard deviation = + 1 6) of the sample. A
nonrigorous estimate of the SRGS uncertainties for the single-scan measurements of Fig. 14
can be made from the numerical uncertainties as determined from the non-linear line-shape
fitting algorithm. However, a better estimate of the SRGS uncertainties can be determined
by comparing the SRGS-derived values to the expected or known gas parameter values.
Calculating the root-mean-square (rms) of the differences between the measurements and
known conditions provides one estimate of uncertainty for each of the three parameters.
These uncertainties include random (i.e., precision) and systematic (i.e., accuracy)
contributions. For pressure, the rms differenceis + 1.0 kPa, for temperatureitis+ 17 K,
and for the combined velocity set (UPWT plus laboratory) itis+ 13 m/s. The purely
random component of the velocity error (i.e. + 1 6) for each of the two velocity sets are
shown with the means in the top plot.

In these tests, it was also demonstrated that the Raman sample volume could be
tranglated 20-30 cm in one dimension (using either two or three translators) without losing
the optical alignment. After the best initial alignments, not more that about 10% of the
Raman signal was lost (due to misalignment of the three Raman input beams at the focal
point) after trandation of the sample volume over 20-30 cm in room air. Results of Fig. 14
show that the full-trandlating instrument is working adequately, with SRGS derived
parameters in agreement with the known gas conditions. Although the alignment of the
systemin Fig. Sisstraightforward, it isalso tedious. Itisalso easily disrupted dueto
environmental vibrations or inevitable changesin of any one of the input laser beam
pointing directions. The alignment typically has to be updated several times aday.

B. Unitary Plan Wind Tunnel (UPWT) Results

Here, new SRGS measurements made in the 1.2 by 1.2 by 2.1-meter test
section of the UPWT [30] at LaRC are described for supersonic free-stream conditions and
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in the flow of adeltawing. Asdiscussed in the introduction, two trade offs were made to
sacrifice signal for the practical considerations of improved spatial resolution and a
simplification of the instrument (compared to Ref. 17). The model was a deltawing with a
leading-edge sweep angle of 75-deg and atrailing-edge span of 30.5 cm. The leading edges
were sharp with a 10-deg bevel. The AOA was 12-deg and the Mach number was 2.8 (630
m/sec). Nominal free-stream pressures and temperatures are 3.3 kPa (0.033 atm) and 127 K,
with both quantities further decreasing inside the vortex core.

Crossing the Raman laser beams (6 = + 0.5 deg), asin Figs. 5a, generates a highly
ellipsoidal-shaped sample volume with along spanwise dimension of 1.5cm. The
streamwise and vertical dimensions were about 300 um. This highly elongated sample
volume is schematically indicated in Fig. 5c for eight vertical locations above the delta
wing. Crossing the beams significantly improves upon previous non-crossed-beam RDV
work [17] in UPWT that obtained only 20-cm resolution in free-stream measurements.
Estimates of both of these spatial resolutions were obtained from numerical simulation [27]
of the generation of stimulated Raman signal.

Reduction of the spanwise spatial resolution from 20 to 1.5 cm allowed the
possibility for rough profiling of the flow parameters through the core of one of the vortices
that are generated above the lifting delta wing model. The sample point of the current work
istrandated relative to the model by translating a portion of the optical system, not
including the lasers, as shown in Fig. 5b. Data at different vertical locations through the
core of the vortex are acquired sequentialy. Only the one velocity component is measured
in the configuration used here.

B1l. Free-Stream M easurements

To provide an additional check (not a calibration) of the SRGS instrument,
measurements were made in the free-stream where the flow conditions were known. Since
the beams are crossed at a small angle of 1 deg in Fig. 5a, the instrument is oriented to
measure the cross-flow velocity component of the vortex, and the measured free-stream
velocity component will be the spanwise component (i.e., = zero). Negative signs for
velocity indicate flow away from the lasers, while positive signsindicate flow towards the
lasers. To make free-stream measurements, the deltawing model was moved downstream
of the sample volume. Fig. 15 shows sample experimental Raman line shapes and the
associated fits for a single 30-sec free-stream measurement. Fig. 16 contains the first main
result of thiswork and shows reasonabl e agreement between the SRGS-derived velocity,
pressure, and temperature and the known wind tunnel test conditions for a series of averaged
free-stream measurements, where each average is over three to eight 30-sec scans (taken in
<20min). The 1o error bars show afew selected standard deviations of the sample for the
averaged points. The spatial resolution of the data of Fig. 16 isabout 1.5 cm, an
improvement of =~ 20 times over Ref. 17.

For pressure and temperature, an estimate of the total uncertainties (systematic plus

random) of the SRGS measurements can be made by using the flow parameters supplied by
the standard UPWT instrumentation as the true value. The rms values of the differences
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between the SRGS and the expected wind-tunnel values give uncertainties of + 0.4 kPafor
pressure (ignoring the two points below the laser equivalent width) and + 14 K for
temperature. Thetotal uncertainty in velocity is conservatively estimated from the spread in
the measured rms deviations about the expected velocity of zero and is, + 14 m/sfor all 14
measurements on days 1 and 2. These velocity and temperature free-stream uncertainties
are the same as the laboratory uncertainties of Fig. 14, while these pressure uncertainties are
one half of the laboratory uncertainties. Generally the uncertainty estimates from the
laboratory data of Fig. 14 are consistent with the free-steam uncertainties of Fig. 16.

Two comments concerning systematic errorsin the velocity measurements arein
order. Offsets of =-10 and +10 m/sec are seen for Days 1and 2 (separated by a vertical
line), in the free-stream measurements of Fig. 16. The direction of the velocity component
measured is purposely pointed downstream, about 1.3 deg off from the exact spanwise
direction (because of a combination of the SRGS beam geometry and an effort to minimize
optical back reflections exactly into the lasers). Thisangley= 1.3 deg has been accounted
for in plotting the velocity datain Fig. 16. However, any error in the measurement of this
1.3-deg angle will generate a systematic error in the final velocity measurement. A
conservative estimate of the total error in the measurement direction is= 0.5 deg (due to
slight realignments of the SRGS instrument throughout a typical work day) and this
corresponds to avelocity error of about + 6 m/s. In addition, the true spanwise velocity in
the free-stream flow may be dightly different from zero (see Ref. 30). An uncertainty of +
3 m/secis estimated from the summed contribution of streamwise Mach number and
spanwise flow angle uncertainties. Adding the SRGS and the flow uncertainty contributions
in quadrature gives a final uncertainty of about + 7 m/sec, roughly consistent with the + 10
m/sec offsets seen in Fig. 16.

Simple estimates of the precision-only uncertainties are made with the 68%
confidence levels (+ 1o of the sample), for repeated measurements. These estimates are
about + 8 m/sec, and are consistent with the no-flow datain Fig. 14. The uncertainties of
the means (+ 4 m/sec) are about one half of the uncertainties of the samples, since the
number of measurements in each sample is 3-8. Clearly, Day 2 has alarger random error —
possibly the laser noiseislarger than typical or the tunnel vibration was worse on this day.

In summary, velocity uncertainties can be estimated with three different methods are
asfollows. The purely random error isabout + 5 m/sec (see Day 1 Fig. 16). Thetota error
(random plus systematic) is about + 10 m/sec from the offsets of the averages from zero (for
stationary gas), or a second estimate for the total error is from the rms deviations of about +
13 m/sec (Figs. 14 and 16).

B2. Dédta-Wing Vortex Measurements

This section presents the results of a proof-of-concept demonstration of a spatially
resolved flow measurement near amodel of interest in alarge-scale wind tunnel. The goal
was to generate alinear map of spanwise velocity, pressure, and temperature through the
core of avortex. Although the spanwise resolution of 1.5 cm in still somewhat large
compared to the dimensions of the flow gradients, it is small enough to capture the course
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structure of the vortex. The important novel aspect of these measurementsis the
nonintrusive nature of the SRGS technique on the vortex.

A five-hole Pitot probe had previously been used to map the vortices as part of an
unrelated project (unpublished). That same probe was used as a guide for positioning the
present Raman sample point in the vortex. Fig. 17 shows forward (Fig. 17a) and backward
(Fig. 17b) SRGS line shapes from single 30-sec measurement after the background
subtraction was performed. The raw SNR of the measurements in the vortex were the
smallest of any measurements presented in this report. The Raman spectral lines of Fig. 17
are not observable until the background subtraction is performed. Thislow SNR is dueto
the low gas densities, and subtraction is imperative for the vortex data.

Fig. 18 shows a series of eight 30-sec single-scan measurements for velocity,
pressure, and temperature. They were made at one fixed location within the vortex, 2 cm
from the vortex center and 4 cm above the wing surface. The stream-wise location of these
measurements is 25 mm upstream of the delta-wing trailing edge. The velocity, pressure,
and temperature at each time were made simultaneously, and are related to each other. The
nonrigorous 68% confidence levels (+ 1c) for asingle point (i.e., asingle 30-sec scan) are
estimated from the nonlinear fits and are typically + 30 m/sec, + 0.5 kPa, and + 30 K. The
variation over 70 min shows the combined effect of uncertainties in the Raman
measurements and any possible long-term time variation of the flow. Meansand 1c of the
means are shown in the figure. 1c of the sample of eight measurementsis\8 larger.

Fig. 19 contains the second main result of the present work and shows two profiles
of spanwise velocity, pressure, and temperature through the core of one of the two vortices
asshown in Fig. 5a. Each of the three panels in the figure shows two 1-dimensional maps
(filled diamonds and open squares) in the vertical direction, at a stream-wise position that is
25 mm upstream of the trailing edge of the deltawing. Each of the 1-d maps required about
2 hours of tunnel run time. Each data point is the average of = six 30-sec measurements,
and required = 15 min to acquire. The data at the different spatial |ocations was acquired
sequentialy; however at any one location, the velocity, pressure, and temperature were
acquired simultaneously. The vertical location of each measurement is specified on the
abscissa as the distance above the delta wing surface.

Considering the diamond data of Fig. 19, the velocity data show a direction reversal
at alocation 28 mm above the wing. Negative velocities indicate flow away from the lasers
in Fig. 5a and flow towards the right-hand side of Fig. 5¢c. The temperature and pressure are
both minimum at = 24 mm, and both increase as the measurement point is moved in either
direction, towards or away from the surface. Increasesin temperature and pressure at the
position nearest the surface, accompanied by a decrease in velocity, occur asthe flow is
heated and slowed in the boundary layer. The measured profile generally illustrates the
expected qualitative features of avortex. Any deviations of this SRGS data from more
accurate attributes of avortex [31, 32] may be due to the spatia averaging over 1.5 cm of
spanwise distance for the measurement volume (see Fig. 5¢). For Fig. 19, the 68%
confidence levels (based on 1o of the mean) are + 10 m/sfor velocity, + 0.1 kPafor
pressure, and + 10 K for temperature. Uncertainties for 1c of the samplesincrease by V6.
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The diamonds of Fig 19 were acquired after the five-hole probe (used for alignment)
was backed far downstream from the trailing edge and measurement location. The squares
of Fig. 19 show a second vertical scan (same free-stream run conditions) made on another
day at the same heights, except 4 mm upstream of the diamond measurement. The filled
diamond and open square data of Fig. 19 were acquired at measurement stations denoted by
the filled and open circles, respectively shown in Fig. 5d. In addition for this second
measurement (i.e., open sguares), the Pitot probe was not backed downstream of the SRGS
measurement location after it was used for the initial alginment. However, it was far
enough removed from each of the SRGS measurement stations so that the bow shock of the
probe was not influencing the data. Thus the second difference between the diamond and
square data of Fig. 19 isthe stream-wise location of the Pitot probe.

Note three unusual aspects of the two SRGS data sets. The square data of Fig. 19
show less pronounced changes (versus vertical location) in al three parameters, compared
to the diamond data. Second, not only do the two SRGS profiles disagree with each other,
but the expected vortex center line (dashed line determined from a Pitot probe survey
completed before the SRGS test) disagrees with each of the two SRGS profile centers (i.e,
velocity = zero). Third, for each SRGS profile, the location of velocity reversal (i.e,
velocity = zero) is dightly offset from the location of minimum pressure and temperature.
For example, in the diamond data, the SRGS-measured velocity reversal is at about 2.8 cm
above the surface, while the pressure and temperature minimums are both at 2.4 cm. The
dashed line at 1.7 cm indicates the expected center line of the vortex from the probe survey.

A likely cause for second and third aspects of the datais the geometry of the
measurement as shown in Fig. 5a. The axis of the vortex istilted off from the tunnel
centerline by about B = 4 deg [31], which has not been accounted for in the data of Fig. 19.
Since the free-stream velocity = 630 m/sec, then one expects a velocity offset of - 630 sin (4
deg) = - 44 m/sec (along the SRGS measuring direction away from the lasers). Thusthe
position of velocity reversal in Fig. 19 may be too far from the surface compared to the view
if theangle p = 0. If thefilled diamond data of Fig. 19 were to be corrected (increased 44
m/sec) for this expected offset, then the velocity profile would be more symmetrically
centered around zero and the location of velocity reversal would move from 2.8 to0 2.3 cm
(matching the pressure and temperature minimum at 2.4 cm to within the spatial resolution
and missing the expected center from the probe survey by only 5mm instead of thell mm
illustrated in Fig. 19).

A possible cause for the first aspect (the difference in the two SRGS measurements)
isthat the presence of the nearby pressure probe has moved the transverse position of the
vortex relative to the model. This could obviously explain the difference between the
square data (probe tip left at the trailing edge during SRGS measurements) and the diamond
data (probe tip moved far downstream from the trailing edge during SRGS measurements)
and plausibly explain the residual difference (= 5mm) between the diamond SRGS
measurements and the expected centerline (dashed line) from the probe survey. Thusthe
SRGS measurements (squares) of Fig. 19 are possibly showing a perturbation of the vortex
due to the presence of the nearby Pitot probe. The difference in streamwise location of

26



4mm for the square measurement (compared to the diamond measurement) is not nearly
enough streamwise location change to explain the obvious difference in shape for the two
profiles of Fig. 19.

The interpretation of probe perturbation of the vortex is supported by crude flow-
visualization work that was performed during the same time period as the SRGS work.
Nonintrusive Rayleigh scattering of the pump laser beam at 532 nm (with naked-eye
detection) was used to visualize [33] one-dimensional tracks of gas density through the
vortices of the deltawing model. The experiment of Ref. 33 showed that the presence or
absence of the nearby probe seemed to influence the relative transverse position of the
visualized vortex, consistent with the results of Fig. 19. This flow visualization was done
without addition of water to the flow. Thisinterpretation is similar to observations by other
researchers. A subsonic study [34] aso reported a transverse movement of the vortex core,
under rare conditions (e.g., when aprobe is very near the vortex core axis) due to the
presence of a 7-hole pressure probe. However, Ref 34 does report excellent agreement
between the probe and Laser Doppler Velocimeter (LDV)-based vortex maps.

A third possible explanation for the difference in the two SRGS measurementsis
that the SRGS measurement volume was inadvertently moved relative to the model for the
two runs. Thus the measurement volume would also move relative to the vortex center,
giving the relatively straighter velocity profile of the squares, compared to the exaggerated
“S’ profile of the diamonds (presumably through the vortex center). However, the same
alignment procedure was used for each of the two measurements, where the Pitot probe was
used areference point to set the Raman sample volume location. The positioning of the
probe is easily reproducible to ~ 1 mm from day to day. This explanation of imperfect
positioning of the SRGS sample volume is certainly possible, but unlikely.

A comment on Figs. 14, 16, 18, and 19 may be useful. Temperatureistypically
determined with alarger uncertainty than pressure, because the SNR islessfor the
backward data (which determines temperature) than the forward data. The uncertainty in
the temperature typically limits the uncertainty in pressure and velocity. Velocity islimited
by the uncertainty in the determination of the line center for the backward line shape. Since
pressure depends (see Eq. 13) on the PBC, and the PBC is approximately « T ¢, then
imperfectly determined temperatures cause additional errorsin the pressure. This latter
effect is easily seen in plots (not shown) of pressure errors as a function of temperature
errors. A clear correlation exists between the pressure and temperature errors. The
fractional pressure error istypically larger than the fractional temperature error and is also
approximately linearly proportional to the temperature error.

C. Future Improvements

The primary impediment to optimum SNR in the present measurementsiis floor
vibration in the UPWT test cell environment. Thisfacility vibration is transmitted to the
optical table and dlightly vibrates the probe beam on the detector active area, creating excess
amplitude noise on the 607-nm probe-laser intensity. Thus the raw spectra, from which
these results are derived, have SNR that are significantly smaller than the largest possible
SNR that is determined by the usua amplitude noise of the cw dye laser beam. Flow
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facilities with milder vibration environments, than encountered at UPWT facility at LaRC,
would clearly allow smaller measurement uncertainties than those quoted in this work.

If facility vibration is negligible, then the usual amplitude noise (from dye-jet
fluctuations) on the cw-dye laser [ 18] dominates the uncertainty. Other lasers have smaller
amplitude noise than the dye laser used here. Replacing the relatively simpler three-laser
setup of SRGS that was used here, with the more costly and complicated five-laser IRS
setup, would allow the use of alaser (e.g., argon-ion or solid state Nd:Y AG) with smaller
amplitude noise. Thiswould provide another reduction in the measurement uncertainties
compared to those reported here. However, extra effort and labor are necessary to operate
the IRS system. In spite of the additional cost and complexity, it is recommended that the
IRS technique be used to achieve the smallest possible uncertainties in future work (in cases
where facility vibration is not an issue). Another reason for this recommendation is that the
residual complexity of the smplified SRGS system continues to require a moderate degree
of tedious alignment.

V. Summary

This report describes a noninvasive and unseeded optical technique, stimulated
Raman gain spectroscopy (SRGS), that simultaneously measures off-body velocity,
temperature, and pressure in supersonic air. It isbased on stimulated Raman scattering from
asingle rotational line of the vibrational Q-branch transitions in the N, molecule.
Comparison of the SRGS-derived flow parameters with expected tunnel values from known
free-stream conditions shows good agreement and provides estimates of the SRGS
uncertainties.

Spatially resolved (~ 1 cm) and time-averaged (~ 30 sec) measurements of velocity,
temperature, and pressure in the free stream and in a vortex over alifting delta-wing model
are demonstrated in alarge-scale supersonic tunnel. One-dimensional profiles of the three
flow parameters through the vortex core are presented. Noninvasive SRGS measurements,
with and without a 5-hole Pitot probe positioned near the SRGS measurement station, may
illustrate a possible perturbation of the vortex due to the presence of the nearby probe.

Laboratory work is also presented that illustrates the accuracy and limitations of
guantitative measurements at gas conditions of 100-300 K and 1-10 kPa (0.01-0.1 atm).
These laboratory measurements show the potential for future hypersonic work at pressures
of 0.1 kPa, aswell as limitations of the technique due to Stark line shape broadening and hi-
gain induced line-shape narrowing.
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Fig. 7 Transmission curves of dye-laser diagnostic beams through 150-MHz and 3-GHz
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Fig. 8 Measurement of the averaged linewidth of the single-frequency Nd:YAG laser (532
nm) acquired during a single 60-sec dye-laser wavelength scan. The frequency scale on the
abscissa corresponds to Nd:Y AG freguency, not dye-laser frequency.

37



| L | {!iﬁ l]‘| l"‘ o '-)

ol ki AL
LIk W i it
g IR ’.{J LA
5 i S 8 Torr [1.06 kPa]
) '_
§ \ .,l,'._:- _ ',;"i"l.l‘" -.}'-i{'!.i: M _-'r"‘,lﬂll',-'I'is,;'r’flll".l'ﬁ".l*."' '~".'|!.'I:|";“ Ilu ,;.' .'J-'Hlil Ukl ,'.:'.-.I .:;-." , l[lll“':".-ll"':i_:

Dye-Laser Frequency Scan < Raman Shift (auy) ———

Fig.9a Wavelength scans (60 sec) over the J= 12 Q-branch transition for 2 and 8 Torr at
temperature 295 K and with pump energy/pulse of 145 mJ/pulse.

Forward Scatter - 13 MW Peak Pump Power

012

/'

o
=

0.08

0.06
/

0.04
/

SRGS Peak Signal (V

0.02
e

o

0 0.2 0.4 0.6 0.8

Baratron Pressure (kPa)

1

1.2

Fig. 9b Pressure dependence of the peak SRGS signal strength (J = 12) as afunction of gas
pressure (temperature = 295 K). Thelineis afit by eye.

38



Wb
b (™
| ._l_'l’_ N .n
F AL 2
i!;,'j .i , ]L‘ / Stark Shifted (700 GW/cm?)

(a) Measurement ~'*"ﬁ ! No Stark (17 GW/cm?)
it !/
I I ‘"q
l }I 'f l"l i “MN

*W L “MI

Stark Shifted << 350 GW/cm?

(b) Simulation
No Stark Shift &< 8 GW/cm?

i«— Raman Shift (1000 MHz) —>

Fig. 10 Stark broadening (a) measurements for no-Stark (i.e., small laser peak power of ~
17 GW/cm?), and Stark-broadened (large peak power ~ 700 GW/cm? measured peak
intensity) line shapes with beams crossed at 0.9 deg. The (b) numerically smulated
intensity that best fits the datais 350 GW/cm?®. Gas sampleis pure N, at 300 K and 1 atm.

39



0.25 -

©
N
|

¢ 298 K Measured

o
N
(&)

..

m 113 K Measured
------- 298 K Eqgn. 13
113 K Egn 13

o
=

&
A4 "".‘_’__’_"‘
0~-¢.’_‘_‘
*w

FWHM (cm™ / atm)

o
o
a

5 10 15

Rotational Transition J

20

Fig. 11 Ny vibrational Q-branch collisional broadening coefficients. Thisis a comparison
of the J dependence of the empirical pressure broadening coefficients from Eq. 13 (solid and
dashed lines) and data from Ref. 28 (symbols) for two temperatures (298 K for bottom curve

and 113 K for top curve).

40



Equivalent
Laser

5 . .
Linewidth ¢ =6
5 ’_‘ Temperature Range
J |7 / 94 - 158 K
2
. )

1+ £ 4

SRGS-Derived Pressure (kPa)
SN

UPWT Expected Pressure (kPa)

Fig. 12  Comparison of UPWT free-stream pressure from traditional UPWT
instrumentation and SRGS line-shape measurements using the pressure broadening
coefficients from Ref. 28. The good agreement of these two data sets is an independent
confirmation of the low-temperature pressure broadening measurements of Ref. 28.



A
(b) Backward Lineshape
—_ a. 1 1! .'-'.
S X LY
E b i ¥ T
: i
2 Ny
7)) iy
) DTN
oc U T Nt
7 L |
I (a) Forward Lineshape
.0 ' :
2329.2 2329.2 2329.4

Raman Shift (&)

Fig. 13 Example of data of a single 30-sec scan over the J= 6 transition, at 1 atm and 300
K (noisy profiles), and Voigt fits (smooth curves) that show (a) forward and (b) backward
Raman line shapes for no flow, after subtraction.

42



30

Laboratory UPWT
S 20 ¢ L
@ Average = -8 + 15 m/sec
£ 10 E 3 . . .
z e e, . rms _deviation:
o
o L
5 10 . + 13 m/sec
% Average = 3 + 9 m/sec "] ] n -
2 20 -
L aboratory and
0 5 10 15 20

U WVT data On Measurement Number
still air

N
o

Laboratory

rms deviation;

. upw + 1.0 kPa

SRGS Pressure (kPa)
= =
o o
0\?
{4

All points are ’ eepected Prossurarom saaton (Pe ’
single 30-sec
measurements, | | £w o rms_deviation:
except one R A R R +17K
square point -l N erage =302 837K
for pressure [

0 5 10 15 20

Measurement Number

Fig. 14  No-flow measurements of velocity, pressure, and temperature from a laboratory
cell containing N, at room temperature (left side) and in air at the UPWT test section with
no flow (right side). The average pressure corresponding to all UPWT velocity datais
shown as the square data point with the error bar in the pressure plot.

43



0.250 T 1T T 0.050
Forward Spectrum |
}i. II%..'JI. } Till' 1.2 T e
0.200 AR - 0.000
B [ AN b
T 1] T T T |r
o 1yl i HE
0.150 vd -0.050
2 [ etterance H | o
» | wianerenve | | 1 o
2 L ; (A) Ey
A [ =
% 0.100 I I -0.100 g
T
; 5 Line Shapei 8
5.050 -0.150
|11 [ | I | | I
0.000 = 0.200
s W
J ]
2329.00 2329.10 2328.20 2329.30
Raman Shift (g)
0250 1T T T 0.050
| Backward Spectrum
0 Y A1 O YY1
U.i@ﬁ il T-ILI.TII..It-n::.l:ll..‘:‘llIllhll.,'l..._.ll.h‘.llullllllm_'l_.lllll.. ‘_III :I-c:l:l
W H;q_l{_l[n’l! ] [‘m [ mmm%l
\\\! ; [+ 7 S I-—
- 1 _
A (B) .8
g Helee T T T i Ueive 2
< [ Line Shape M 8
i uhd I
'/
4.050 ot 0,950
""" Jm = belid
1 | |
0.000 + -0.200
T I
2329.00 2329.10 2329.20 2329.30
Raman Shift ()

Fig. 15 Single 30-sec scan, over the J= 6, in the free stream (Mach 2.3, static pressure
2.4 kPa (0.024 atm), and temperature 158 K) that shows (a) forward and (b) backward line
shapes, after subtraction. The smooth curve through each noisy line shapeisaVoigt fit to
the data. Above each line shape, the difference between the data and fit is also plotted

versus scan frequency.
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Fig. 16  Comparison of SRGS-derived values and expected free-stream tunnel conditions
for cross-flow velocity, pressure, and temperature.
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Fig. 17 Example of single 30-sec scan at the 40-mm location (above the model surface)
of the vortex showing (a) forward and (b) backward line shapes and fits, after subtraction.
The smooth curve through each noisy line shapeisaVoigt fit. The shift between the
forward and backward line centers corresponds to about 120 m/sec.
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SRGS measurement of flow parameters 25 mm upstream of the trailing edge of a

deltawing (over aline extending vertically above surface and through avortex core). Solid
diamonds show a profile with the Pitot probe backed well downstream of the trailing edge,
and open squares show a second profile taken 29 mm upstream from the trailing edge and
with the Pitot probe positioned with its front tip = 5 mm downstream of the SRGS sample
volume. The dashed double-headed arrow shows the expected center location from the pitot

probe survey.
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